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Carbon materials are often used to enhance the electronic conductivity in anodes or 
cathodes of Li-ion batteries (LIBs), as well as to support other active materials in 
high-capacity nanocomposite electrodes. A novel lithium-tellurium battery was 
established here using tellurium/porous carbon composite (Te/C), which was 
synthesized by a vacuum-liquid-infusion method. Owing to the physical confinement 
of Te by porous carbon matrix, the Te/C electrode is capable to deliver a high 
reversible volumetric capacity of 1400 mAh/cm3 for up to 1000 cycles and exhibits a 
good rate capability. In addition, in situ study of the electrochemically-driven 
sodiation and potassiation of individual bilayer carbon nanofibers (CNFs) by 
transmission electron microscopy (TEM) was also conducted to investigate the 
application of carbon based materials in sodium-ion batteries (NIBs) and potassium-
ion batteries (KIBs), which indicates that disordered carbon possesses great potential 
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Chapter 1: Introduction 
 
1.1 Background 
The large-scale storage of electrical energy for applications in electrical grids 
requires battery systems with high energy/power density, superior cycling and 
reliability stability, as well as low cost1,2. During the past decade, great effort has 
been devoted to Li-ion batteries (LIBs), and significant progress has been realized in 
the development of high capacity electrodes for LIBs. Since significant progress has 
been realized in the development of new anodes with high performance, such as 
silicon, tin, metal sulfides and metal oxides based materials3-9, the energy/power 
density of current LIBs is mainly hindered by the cathode side, thus exploring and 
developing new high-energy density cathodes materials is of great importance for the 
future success of lithium-ion battery.  
In addition, due to the limited energy density and high cost of LIBs, batteries 
based on other alkali-metals, such as Na-ion batteries (NIBs) and K-ion batteries 
(KIBs)10-12, have attracted great attention, owing to their comparatively high natural 
abundance and low cost 10,12-14. Considering the similar chemical properties of Li, Na 
and K, the anode and cathode materials used in LIBs are being investigated for their 
applications in NIBs and KIBs in the past few years. Carbonaceous materials have 
great potential for applications as anodes for NIB and KIBs. However, the application 
of the carbon-based anodes in NIBs and KIBs remains largely unexplored, compared 
with their LIB counterparts. Therefore, it is essential to understanding the 
electrochemical reactions and associated structure-property relationships of carbon-
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based anodes during sodiation and potassiation, thereby paving the way for future 
development of the novel carbon-based or carbon-supported nanocomposite anodes 
for NIBs and KIBs.  
  
1.2 Cathode materials for Lithium-ion batteries 
During the past decade, great efforts have been put on alternative anode 
materials with high theoretical capacity, excellent ratability and long cycle life. And a 
lot of progress has been made on the insertion alloys (Si, Sn, Ge), redox metal oxides 
(Fe2O3 and CuO etc.) and carbon (soft carbon and hard carbon), which have been 
considered as promising anode materials for the next-generation lithium-ion 
batteries15-20. Unlike the anode side, the comparatively low storage capacity of the 
most known cathode materials has been recognized as a major limiting factor in the 
overall performance of Li-ion batteries, thus exploring and developing new high-
energy density cathodes materials is of great importance for the future success of 
lithium-ion battery.  
 Except state-of-art transition metal oxide cathode for LIBs, sulfur has been 
extensively studied as a cathode material for Li-S batteries, because of their low cost 
and high theoretical gravimetric energy density (2570 Wh/kg)21. However, sulfur 
cathodes are challenged by three major issues:22-24 the low electronic conductivity of 
S and formed Li2S, the large volume expansion after lithiation (~80%), and “shuttle 
effect” caused by the dissolution of high order polysulfide intermediates into 
electrolyte and subsequent migration and reaction with Li anode. Therefore, current 
Li-S batteries suffer from low Coulombic efficiency and rapid capacity decay, 
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blocking the commercialization of S cathode in battery industries. Over the years, 
great efforts have been devoted to address these problems and many strategies have 
been proposed, such as impregnating sulfur into the porous carbon25, 26, encapsulating 
sulfur with graphene oxide24 or conductive polymers27, 28, entrapping sulfur into the 
yolk-shell structure23, or reducing the solubility of polysulfides by alternative 
electrolyte or additives 29. 
Recently, it has been reported that selenium (Se), the element in chalcogens 
family (sulfur, selenium, tellurium), can also be treated as a perspective candidate for 
cathode material30-32. With similar chemical properties but higher electronic 
conductivity, lithium-selenium (Li-Se) batteries can deliver a reversible gravimetric 
capacity of 675 mAh/g theoretically. However, the electronic conductivity is still not 
high enough. Thus, inspired by this, tellurium, another element in the chalcogens 
family, which possess the highest electronic conductivity among all non-metallic 
materials endows it further advantages compared with sulfur and selenium. Despite 
the gravimetric capacity of tellurium electrode (Li2Te: 419 mAh/g) is lower than that 
of selenium (Li2Se:675 mAh/g) and sulfur (Li2S:1672 mAh/g), the higher density 
provides it a high volumetric capacity. In fact, the battery packing space is usually 
limited in portable devices, such as EV and HEV, thus volumetric capacity is actually 
more important than gravimetric capacity31,33. Therefore, the superior electronic 
conductivity as well as high volumetric capacity makes tellurium a potential 
candidate for electrode material in lithium-ion batteries. 
1.3 Anode materials for Sodium-ion batteries and Potassium-ion batteries 
The potential anode materials for NIBs and KIBs include carbonaceous 
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materials, Sn, Sb, and metal oxides10,13-14,34-38. Among these candidates, however, 
carbonaceous materials11,39-45 are most promising, given their successful applications 
in commercial LIBs and particularly low cost, natural abundance, small volumetric 
expansion during alloying with alkali-metals, in contrast to other anode materials 
such as Sn36.  
Graphite has been used as the anode of current commercial LIBs with a 
theoretical capacity of 372 mAh/g46. However, only a small amount of Na ions can be 
stored in the graphite anode of NIBs. Such a limitation has been often attributed to the 
higher intercalation energy barrier of Na ions10,11,47. So far, the highest capacity for 
carbonaceous anodes reported in NIBs is about 300 mAh/g in hard carbon, whose 
usage is severely limited by its poor cyclability45.  
Recently, the disordered or amorphous carbon materials were found to exhibit 
much improved cyclability11,41,48. For example, the disordered hollow carbon 
nanowires showed a reversible capacity as high as 251 mAh/g with 82.2% capacity 
retention after almost 400 sodiation-desodiation cycles41, which is much better than 
hard carbon42,45. Moreover, carbon is often used to enhance electron conduction in 
anodes or cathodes of LIBs and NIBs, as well as to support other active materials in 
high-capacity nanocomposite anodes for LIBs and NIBs49-55. However, the 
application of the carbon-based anodes in KIBs remains unknown. Therefore, it is 
essential to understanding the electrochemical reactions and associated structure-
property relationships of carbon-based anodes during sodiation and potassiation. 
1.4 In situ TEM technology for batteries 
In order to understand the microscopic mechanism of electrochemical reaction 
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and electrode degradation during charge/discharge process of LIBs, a novel 
nanobattery inside a transmission electron microscope (TEM) was created by Liu et 
al56, which makes real time and atomic scale observations of lithiation/delithiation 
processes possible. The nanobattery cells have two types, one based on room 
temperature ionic liquid electrolytes, which consists of a single nanowire anode, an 
ionic liquid electrolytes and a bulk LiCoO2 cathode, and the other one based on all 
solid components, which uses Li2O as a solid electrolyte and metal Li as the anode.  
By using this unique technique, a direct study of the morphology and 
microstructure changes of individual nanowires and nanoparticles during 
electrochemical lithiation and delithiation can be studied in a real time at high tempo-
spatial resolutions. And this nanobattery setup has been successfully employed in the 
study of reaction kinetics and degradation mechanism of SnO2 nanowires, Si 
nanowires, Sn nanoparticles, carbon nanotubes, carbon nanofibers, graphene 
nanoribbons, Ge nanowires, FePO4 microparticles etc. during electrochemical 
lithiation/sodiation for LIBs and NIBs56. And their results provide important clues for 
the structure evolution and failure mechanism of electrode materials during 
charge/discharge process for batteries, shedding the light on the fundamental science 
to improve the battery design. 
 
1.5 Objective of this research 
 The objective of the current research is to make a significant contribution to 
the advancement of cathode for lithium-ion batteries, and anode for sodium-ion 
batteries and potassium-ion batteries. 
 6
 
Specifically, the two main goals of this study are: (1) Synthesis and 
characterize of Te/porous carbon composite cathode; study the electrochemical 
behavior of Te/C cathode through charge/discharge curve, cycling stability and 
ratability. (2) Study the electrochemical behavior carbon nanofibers (CNFs) in Na-ion 
batteries and K-ion batteries; investigate the microstructure evolution of CNFs during 
Na and K insertions in real time by using a nanoscale battery setup inside a 
transmission electron microscope (TEM);  
The subsequent three chapters discuss the efforts to achieve the stated goals. 
Chapter 2 describes the tellurium/porous carbon composite cathode for Li-ion 
batteries. Chapter 3 focuses on the in situ TEM study of electrochemical sodiation 
and potassiation of carbon nanofibers. Chapter 4 includes the conclusion of this thesis 















Chapter 2: Tellurium/porous carbon composite cathode for Li-
ion batteries 
Ying Liu, Jiangwei Wang, Yujie, Zhu, Yunhua Xu, David Bigio and Chunsheng Wang, J. 




During the last two decades, rechargeable lithium-ion batteries (LIBs) have 
been wildly used as the power sources for various mobile electronics, including 
cellular phones, laptop computers and digital cameras1,2,57. In recent years, the rapid 
development of electric vehicles (EVs), hybrid electric vehicles (HEVs) and large-
scale renewable energy storage calls for secondary batteries with high energy/power 
density, superior cycling and reliability stability, as well as low cost58-60. Recently, 
significant progress has been realized in the development of high capacity electrodes 
for LIBs. The materials based on elements in period 5 (In, Sn, Sb) have been 
demonstrated as promising anodes to replace commercial graphite anodes in Li-ion 
batteries due to their high capacity, while materials based on elements in group 16 (S 
and Se) have been well identified as the next generation cathodes due to almost 10 
times higher capacity than current metal oxide cathodes61-67. However, the 
lithiation/delithiation behavior of electrodes based on element tellurium (Te), the 
element crossing the period 5 and group 16, has not been studied yet.  
Owning to a large volume change of these high capacity electrodes, these 
materials will be cracked or even pulverized into small powders after periodical 
lithiation/delithiation process, thus resulting in rapid capacity decline and batteries 
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failure. Carbon materials are often used to enhance the electronic conductivity in 
anodes or cathodes of Li-ion batteries, as well as to support other active materials in 
high-capacity composite electrodes. Thus, the most effective method is to disperse 
these active materials into a porous carbon matrix to support and mechanically 
confine these cracked materials, with the purpose of improving the cycling stability of 
electrode.   
In chalcogens group, element sulfur has been extensively studied as a cathode 
material for Li-S batteries, because of their low cost and high theoretical gravimetric 
energy density (2570 Wh/kg)21. However, sulfur cathodes are normally challenged by 
three major issues:22-24 First, the electronic conductivity of S and formed Li2S are 
very low, resulting in a poor rate capability and low utilization of active materials. 
Second, the large volume expansion after lithiation (~80%) brings to particle 
pulverization and structure reorganization. Third, the dissolution of high order 
polysulfide intermediates into electrolyte and subsequent migration and reaction with 
Li anode leads to the transport of low-order polysulfides back to the cathode side, 
resulting in “shuttle effect”. Therefore, current Li-S batteries suffer from low 
Coulombic efficiency and rapid capacity decay, blocking the commercialization of S 
cathode in battery industries. Over the years, great efforts have been devoted to 
address these problems and many strategies have been proposed, such as 
impregnating sulfur into the porous carbon25,26, encapsulating sulfur with graphene 
oxide24 or conductive polymers27,28, entrapping sulfur into the yolk-shell structure23, 
or reducing the solubility of polysulfides by alternative electrolyte or additives29. 
Recently, it has been reported that selenium (Se), the element in chalcogens 
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family (sulfur, selenium, tellurium), can also be treated as a perspective candidate for 
cathode material30-32. With similar chemical properties but higher electronic 
conductivity (Se: 1 × 10-4 S/m, S: 5 × 10-16 S/m), lithium-selenium (Li-Se) batteries 
can deliver a reversible gravimetric capacity of 675 mAh/g theoretically. However, 
although Se exhibits promising advantages compared with S, the electronic 
conductivity is still not high enough. Thus, inspired by this, tellurium, another 
element in the chalcogens family, which possess the highest electronic conductivity 
among all non-metallic materials (2 × 102 S/m),  endows it further advantages 
compared with sulfur and selenium, such as high utilization rate and better kinetics 
during charge/discharge process. Despite the gravimetric capacity of tellurium 
electrode (Li2Te: 419 mAh/g) is lower than that of selenium (Li2Se:675 mAh/g) and 
sulfur (Li2S:1672 mAh/g), the higher density provides it a high volumetric capacity 
(2621 mAh/cm3 based on density of 6.24 g/cm3), which is comparable to that of 
selenium (3253 mAh/cm3 based on density of 4.82 g/cm3) and sulfur (3467 mAh/cm3 
based on density of 2.07 g/cm3). In fact, the battery packing space is usually limited 
in portable devices, such as EV and HEV, thus volumetric capacity is actually more 
important than gravimetric capacity31,33. Therefore, the superior electronic 
conductivity as well as high volumetric capacity makes tellurium a potential 
candidate for electrode material in lithium-ion batteries. 
In this study, a novel Te/C composite was synthesized by encapsulated liquid 
tellurium into the host of porous carbon at a high temperature of 600 oC under 
vacuum environment. For the first time, the lithiation/delithiation behavior of Te/C 
composite was investigated in 1 M LiPF6 in a mixture of ethylene carbonate/diethyl 
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carbonate (EC/DEC, 1:1 by volume) electrolyte at room temperature. The as prepared 
Te/C electrode can deliver and maintain a reversible volumetric capacity of 1400 
mAh/cm3 (224 mAh/g) at a current rate of 50 mA/g with a Coulombic efficiency up 
to 99% for 1000 cycles. As the current density increases from 50 mA/g to 1000 mA/g, 
the capacity retained about 47%, and 35% after current density increases up to 2000 
mA/g. The high volumetric capacity, long cycle life, excellent Coulombic efficiency 
and good rate capability of Li-Te battery demonstrates that tellurium is a perspective 
electrode material candidate for high-energy storage and large-scale applications. 
 
2.2 Synthesis of Tellurium/porous carbon composite electrode 
The Te/C composite was synthesized by impregnating liquid tellurium into the 
porous carbon matrix through a vacuum-liquid-infusion method. Typically, solid 
tellurium (Sigma Aldrich Inc., USA) and porous carbon (Advanced Chemical Supply 
Inc., USA) were mix with a ratio of 1:1 by weight and sealed in a glass tube under 
vacuum. Heat treatment at 600 oC for 24 h was conducted to melt the solid tellurium 
(melting point is 450 oC ) and infuse it into the porous carbon. 
The as prepared Te/C composite was mixed with carbon black and sodium 
alginate binder to form slurry at the weight ratio of 70:15:15. The electrode was 
prepared by casting the slurry onto the aluminum foil using a doctor blade and then 
drying at room temperature overnight followed by heating at 100 oC in a vacuum 
oven by overnight. The same method was used to fabricate the pure tellurium and 
porous carbon electrodes for comparison. The thickness of the coating on Al is 
approximately 20 μm and the loading of electrode is about 1 mg cm-2. The electrode 
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was cut into circular pieces with diameter of 1.2 cm for coin-cell testing. Li-ion 
batteries were assembled with lithium as the counter electrode, 1 M LiPF6 in a 
mixture of ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by volume) as the 
electrolyte, and Celgard®3501 (Celgard, LLC Corp., USA) as the separator. 
Electrochemical performance was tested using an Arbin battery test station (BT2000, 
Arbin Instruments, USA). Capacity was calculated on the basis of the mass of Te. 
GITT measurements were carried out by applying a pulse constant current (50 mA/g) 
with duration of 0.25 h, followed by 6 h relaxation to reach an equilibrium potential. 
Cyclic voltammograms at a scan rate of 0.1 mV/s between 0.8 and 2.5 V were tested 
using Solartron 1260/1287 electrochemical interface (Solartron Metrology, UK). 
 
2.3 Characterization of Tellurium/porous carbon composite 
Scanning electron microscopy (SEM) images were taken using a Hitachi SU-
70 analytical ultra-high resolution SEM (Japan). Transmission electron microscopy 
(TEM) images were taken by JEOL (Japan) 2100F field emission TEM. 
Thermogravimetric analysis (TGA) was carried out using a thermogravimetric 
analyzer (TA instruments, USA) with a heating rate of 10 oC min-1 in air. X-ray 
diffraction (XRD) pattern was recorded by Bruker Smart1000 (Bruker AXS Inc., 
USA) using CuKα radiation. BET specific surface area and pore size and pore 
volume were tested using N2 absorption on Micromeritics ASAP 2020 (Micromeritics 
Instrument Corp., USA). Raman measurements were performed on a Horiba Jobin 
Yvon Labram Aramis using a 532 nm diode-pumped solid-state laser, attenuated to 
give ~900 μW power at the sample surface. 
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2.3.1 SEM  
Figure 2.1a show the SEM images of Te/C composite, which exhibits a well-
formed flake-like shape, with the size of the flake in micro-scale. As compared with 
the pure porous carbon, illustrated in the figure 2.1b, no morphology change is 
observed after tellurium is infused into the porous carbon host, implying that most of 
the tellurium has been filled inside the porous carbon, which has been confirmed by 









Figure 2.1 (a) SEM images of the tellurium-impregnated porous carbon 
composite. (b) SEM images of the pure porous carbon. 
2.3.2 TEM and EDS mapping profile 
The TEM image in Figure 2.2a confirmed that the flake-like shape of Te/C 
composite, which is in good consistence with SEM results in Figure 2.1a and b. The 
high resolution TEM image in Figure 2.2b shows that tellurium has been filled into 
the porous carbon matrix. The elemental mapping images (Figure 2.2c, d and e) 
reveal that tellurium is homogeneously distributed in the porous carbon matrix and no 
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tellurium accumulation can be observed on the carbon surface, illustrating a perfect 
Te infiltration into porous carbon host. The uniform distribution and free of surface 
accumulation as well as excellent electronic conductivity of carbon and tellurium 
itself ensure a high utilization of active material and good kinetics during 
electrochemical reactions. The content of tellurium in Te/C composite is revealed to 













Figure 2.2 (a) TEM image of Te/C composite. (b) High resolution TEM image of 
Te/C composite. (c) TEM and elemental mapping images of Te/C composite: (d) 














Figure 2.3  TEM elemental analysis for Te/porous carbon composite.  
2.3.3 TGA 
The ratio of tellurium to carbon in Te/C composite can be further confirmed 
by the TGA measurement, and the result is shown in Figure 2.4. It can be seen that 
there is no weight loss observed from the room temperature to 350 oC, indicating that 
the composite is stable up to 350 oC in air, and no Te oxidation and carbon 
decomposition reactions occurred in the temperature range of  25-350 oC.  The weight 
loss from 350 to 480 oC is the combination effects of weight loss from the carbon 
oxidation to carbon dioxide, C + O2 = CO2 and weight increase due to the oxidation 
of tellurium, Te + O2 = TeO2. The Te content can then be determined to be 50% using 
the following equation: 
2
2
final weight of TeOmolecular weight of TeTe (wt%) = 100
















Figure 2.4  TGA results of Te/C composite and pristine Te. 
2.3.4 BET 
The tellurium impregnation into porous carbon is also evidenced by the 
Brunauer–Emmett–Teller (BET) analysis, shown in Figure 2.5. The changes in 
porous structure of porous carbon before and after Te impregnation are summarized 
in Table 2.1. The specific surface area is calculated from the adsorption data in the 
relative pressure range of 0.05 to 0.3. Pore size distributions (PSDs) were determined 
from the adsorption branches of the isotherms using density functional theory (DFT). 
Total pore volumes were calculated from the amount of adsorption at a relative 
pressure, P/P0, of 0.90. Micro-pore volumes were calculated using the t-plot method. 
The porous carbon has a large BET surface area of 1416 m2/g and high pore volume 
of 0.44 cm3/g, with the average pore size about 2.5 nm. After infusion of tellurium, 






















Table 2.1 BET parameters of pure porous carbon and Te/C composite. 
 





C 1416 0.44 2.3 















Figure 2.6 XRD pattern of porous carbon, pristine Te and Te/C composite.  
2.3.5 XRD 
The infused tellurium in porous carbon exists in crystal structure as 
demonstrated by the XRD patterns of Te/C composite in Figure 2.6. For comparison, 
the XRD of both pristine Te and pure porous carbon are also shown in Figure 2.6. 
The porous carbon exhibits an XRD pattern for typical carbon materials. The Te/C 
composite displays well-defined diffraction pattern as the pristine tellurium (JCPDA 
File No. 79-0736), indicating that the infusion process did not change the crystal 
structure of tellurium. 
2.3.6 Raman 
The nature of tellurium in composite is further characterized using Raman 
spectroscopy. For comparison, porous carbon (C), pristine Te (Te), and manually 
mixed Te-C composite (Te&C) at the same ratio to the Te/C composite in room 
 18
 












Figure 2.7 Raman spectra of porous carbon, pristine Te, manually mixed Te&C, and 
Te/C composite. 
 
For porous carbon, two broad peaks at 1350 cm-1 and 1590 cm-1 are attributed 
to the disordered (D) and graphitic (G) carbon, demonstrating that the porous carbon 
is partially graphitized. Typical Raman spectrum pattern of pristine tellurium is 
characterized by three peaks from 80 to 700 cm-1, which are probably attributed to E2 
bond-bending, A1 bonding-bending and A1 bond-stretching modes of the crystalline 
trigonal tellurium, with a highly anisotropic crystal structure consisting of helical 
chains of covalently bound68,69. For Te/C composite, after infusing tellurium into 




vibration peaks around 117 cm-1 of Te remains,, implying the Te not only physically 
confined in porous carbon matrix, but also chemically bonds to carbon stabilizing 
tellurium in the supporting carbon matrix. The chemical bonding is probably induced 
by high temperature infusion process since the Te peak at 400 to 700 cm-1 still exists 
in Te&C mixture prepared at room temperature (Figure 2c). The mixed Te&C 
exhibits a simple addition of tellurium and carbon Raman spectra separately, no any 
changes on the forms of Te itself. Therefore, the confinement of the porous carbon at 
high temperature remarkably altered the structure of tellurium. 
 
2.4 Electrochemical tests result and discussion  
Electrochemical performance of the Te/porous carbon composite cathodes 
were tested in coin cells (R2032) using the Li foil as a counter electrode, 1 M LiPF6 
solution in ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by vol. %) as 
electrolyte, and Celgard®3501 (Celgard, LLC Corp., USA) as the separator. The 
charge/discharge testing was carried out using an Arbin BT-2000 battery test station 
(BT2000, Arbin Instruments, USA) over the voltage range of 0.8-2.5 V versus Li/Li+. 
All electrochemical experiments were conducted at room temperature and all capacity 
was calculated on the basis of the mass of Te. GITT measurements were carried out 
by applying a pulse constant current (50 mA/g) with duration of 0.25 h, followed by 6 
h relaxation to reach an equilibrium potential. Cyclic voltammograms at a scan rate of 
0.1 mV/s between 0.8 and 2.5 V were tested using Solartron 1260/1287 










































Figure 2.8. Charge/discharge profiles at the first cycle of (a) pristine Te electrode, (b) 
Te/C composite electrode and (c) porous carbon electrode in the electrolyte of 1 M 
LiPF6 in a mixture of ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by volume) 
between 0.8-2.5 V at a current density of 50 mA/g.  
2.4.1 Charge/discharge curve 
The electrochemical performance of the Te/C composite was investigated in a 
coin cell using lithium metal as the counter and reference electrode, and 1 M LiPF6 in 
a mixture of ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by volume) as 
electrolyte. All electrochemical experiments are conducted at room temperature, and 
all capacity is calculated based on the mass or volume of tellurium. Figure 2.8 shows 
the charge/discharge profiles of Te/C composite between 0.8-2.5 V at a current 




electrodes at the same voltage range and current density.  
As demonstrated in Figure 2.8a, pristine Te electrode displays a voltage 
plateau at 1.6 V in discharge and at 1.8 V in charge, with a discharge volumetric 
capacity of 1685 mAh/cm3 (270 mAh/g) and charge volumetric capacity of  936 
mAh/cm3 (150 mAh/g) in the first cycle.  The plateau at 0.9 V is attributed to porous 
carbon as demonstrated in Figure 2.8c. For Te/C composite (Figure 2.8b) , two slope-
shaped voltage plateaus locating at 1.6 V and 1.4 V in discharge, 1.7 V and 1.9 V in 
charge process are observed. The extra voltage plateau at 1.4 V for discharge and 1.7 
V for charge cannot be attributed to carbon since no voltage plateau above 1.0 V is 
observed in electrode made by pure porous carbon, see Figure 2.8c. The transition 
from well-defined single plateau of pure Te to two slope-shaped plateaus of Te/C is 
probably due to the interaction between Te and porous carbon, which is also observed 
in S/C and Se/C composites24,26,27.  
The interaction between Te and porous carbon was confirmed by Raman 
measurement in Figure 2.7. The Te/C composite delivers a volumetric capacity of 
6739 mAh/cm3 (1080 mAh/g) in first discharge and 1872 mAh/cm3 (300 mAh/g) in 
first charge process. The large irreversible capacity formed in the first cycle is mainly 
attributed to the formation of solid electrolyte interphase (SEI) film on the surface of 
the porous carbon32, which is confirmed by the high irreversible capacity of porous 
carbon itself in Figure 2.8c. Since the porous carbon only provides 6 mAh/cm3 
volumetric capacity (20 mAh/g) (Figure 2.8c), the contribution from carbon to the 
total capacity of Te/C is negligible, therefore the capacity can be calculated based on 














Figure 2.9 Cyclic voltammtry of the Te/C composite electrode in the initial three 
cycles at a scan rate of 0.1 mV/s between 0.8 V and 2.5 V.  
2.4.2 Cyclic voltammtry 
Aside from charge/discharge profiles, cyclic voltammetry (CV) actually 
reveals more details about the electrochemical reaction during the 
lithiation/delithiation process. Figure 2.9 demonstrates the CV of the Te/C composite 
at a scan rate of 0.1 mV/s between 0.8 V and 2.5 V. Two redox couples are observed, 
with the reduction/oxidation peaks locating at 1.6/1.9 V, and 1.4/1.7 V separately, 
which is in good agreement with the double slope plateaus of charge/discharge curves 
in Figure 2.8b. The small reduction peak at 1.95 V, which disappears in the 
subsequent cycles, can be attributed to the formation of solid electrolyte interphase 
(SEI) film caused by the decomposition of electrolyte.  
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After first cycle, the two cathodic peaks shift to a higher voltage, while the 
anodic peaks shift slightly to lower voltage, reducing the potential hysteresis for 
lithiation and delithiation. The reduction of overpotential after first cycle has been 
observed in many high capacity electrodes, which is believed to be associated with 
the relaxation of stress/strain induced by volume expansion after first lithiation 
through deformation32. Moreover, the stable cathodic/anodic peaks after first cycle 
imply a high cycling stability.  
2.4.3 Cycling stability 
The cycling performance of Te/C composite is investigated by galvanostatic 
charge and discharge curves of the Te/C composite electrodes between 0.8 V and 2.5 
V at a current density of 50 mA/g for 1000 cycles, as shown in Figure 2.9. The Te/C 
composite provides a volumetric capacity of 2022 mAh/cm3, corresponding to a 
specific capacity of 324 mAh/g in the first delithiation process, which is close to the 
theoretical capacity of Te (Li2Te: 419 mAh/g ). As the same group element with 
sulfur and selenium, although the specific capacity of tellurium/porous carbon 
composite is not as high as sulfur ((Li2S:1672 mAh/g)) and selenium (Li2Se:675 
mAh/g), the higher density provides tellurium a high volumetric capacity (2621 
mAh/cm3 based on density of 6.24 g/cm3), which is comparable to that of selenium 
(3253 mAh/cm3 based on density of 4.82 g/cm3) and sulfur (3467 mAh/cm3 based on 
density of 2.07 g/cm3).   
In addition, a reversible volumetric capacity of 1400 mAh/cm3 (224 mAh/g) 
can be still retained even after 1000 cycles, with the Columbic efficiency always 
approaching up to 99% except for the first cycle, indicating an excellent cycling 
 25
 
stability The high irreversible capacity of the first cycle can be attributed to the 
electrolyte decomposition to form the solid electrolyte interphase (SEI) at the 














Figure 2.10  Cycling performance and Coulombic efficiency of the Te/C composite 
electrode between 0.8 V and 2.5 V at a current density of 50 mA/g.  
For comparison, the cycling stability of pristine Te electrode is also tested 
under the same electrochemical condition, which, however, suffered severely from 
rapid capacity fading。 The capacity retaining is only 7% of the initial capacity after 
merely 20 cycles. The poor cycling stability of pristine Te electrode indicates that 
pure tellurium suffers from capacity fading and may not be used in battery directly. 
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Therefore, after mechanical confinement and chemical stabilization of 
tellurium in the supporting carbon host, the Te/C composite possesses superior 













Figure 2.11  Cycling performance and Coulombic efficiency of the pristine Te 
electrode between 0.8 V and 2.5 V at a current density of 50 mA/g.  
2.4.4 Ratability 
In addition to the good cycling stability, the Te/C electrode also displays a 
high rate capability. As shown in Figure 4c, when the current density increases from 
50 to 1000 mA/g and 2000 mA/g, the volumetric capacity of the Te/C composite 
retains about 47% and 35% of capacity at 50 mA/g, respectively. Even when the Te/C 
composite is charged/discharged at 4000 mA/g, 17% capacity retention can still be 
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obtained. The superior volumetric capacity, high Columbic efficiency, long cycle life 
and good rate capability of Te/C composite demonstrates that tellurium is a promising 













Figure 2.12  Rate capability of the Te/C composite electrode in Li-Te batteries. 
2.4.5 GITT 
To investigate the reaction kinetics of Te/C composite at different 
lithiation/delithiation states, the over potential and reaction resistance of Te/C 
electrodes during charge/discharge were analyzed using the galvanostatic intermittent 
titration technique (GITT). During the GITT measurements, the Te/C electrodes were 
charged/discharged by a series of constant current pulse of 50 mA/g with equal 
duration period of 0.25 h. Following each pulse, the cells were left at open circuit 
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state for 6 h to reach the equilibrium potentials. Figure 2.13 demonstrates the 
potential response of Te/C electrode during GITT measurement in Li-ion batteries. 
The dotted-lines represent the equilibrium open circuit potentials (OCPs).  
 
Figure 2.13 Potential response of the Te/C composite electrode during GITT 
measurement.  
The reaction resistance at different Li ion insertion and extraction levels is 
also calculated by dividing the over potential by the pulse current (Figure 2.14). The 
overpotential and reaction resistances of Te/C electrode shows two state increases 
with state of charge/discharge. For lithiation, the reaction resistance level-off after 
50% of discharge, while the resistance rises expeditiously at the end of charge. The 
different behavior of reaction resistance between charge and discharge may be 
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attributed to the electronic contact resistance that decreases when volume expansion 

















In summary, a novel tellurium/porous carbon (Te/C) composite is synthesized 
at a high temperature of 600 oC under vacuum.  The designed Te/C composite is 
employed, for the first time, as electrode material in lithium-ion batteries, which 
exhibits excellent electrochemical performance in commercialized carbonate-based 
electrolyte. Owing to the physical confinement and chemical stabilization of tellurium 
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in the supporting carbon matrix, the Te/C electrode can deliver a reversible 
volumetric capacity of 1400 mAh/cm3 (224 mAh/g) and a high Coulombic efficiency 
near 99% over up to 1000 cycles without any further capacity decay. The high 
volumetric capacity, long cycle life, excellent Coulombic efficiency and good rate 
capability of Te/C composite demonstrates that Li-Te batteries are promising 
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3.1 Introduction 
The large-scale storage of electrical energy for applications in electrical grids 
requires battery systems with high energy density and low cost. During the past 
decade, great effort has been devoted to Li-ion batteries (LIBs)70,71. However, the 
limited energy density and high cost still hinder the wide usage of LIBs to store large 
amounts of electrical energy from intermittent renewable sources such as solar and 
wind energy. Recently, batteries based on other alkali-metals, such as Na-ion batteries 
(NIBs) and K-ion batteries (KIBs)10-12, have attracted great attention, owing to their 
comparatively high natural abundance and low cost10,12-14. Considering the similar 
chemical properties of Li, Na and K, the anode and cathode materials used in LIBs 
are being investigated for their applications in NIBs and KIBs in the past few years.  
The potential anode materials for NIBs include carbonaceous materials, Sn, 
Sb, and metal oxides10,13,14,34-38. Among these candidates, carbonaceous materials11,39-
45 are most promising, given their successful applications in commercial LIBs and 
particularly low cost, natural abundance, small volumetric expansion during alloying 
with alkali-metals, in contrast to other anode materials such as Sn36. Graphite has 
been used as the anode of current commercial LIBs with a theoretical capacity of 372 
mAh/g46. However, only a small amount of Na ions can be stored in the graphite 
anode of NIBs. Such a limitation has been often attributed to the higher intercalation 
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energy barrier of Na ions10,11,47. So far, the highest capacity for carbonaceous anodes 
reported in NIBs is about 300 mAh/g in hard carbon, whose usage is severely limited 
by its poor cyclability45.  
Recently, the disordered or amorphous carbon materials were found to exhibit 
much improved cyclability11,41,48. For example, the disordered hollow carbon 
nanowires showed a reversible capacity as high as 251 mAh/g with 82.2% capacity 
retention after almost 400 sodiation-desodiation cycles41, which is much better than 
hard carbon42,45. Moreover, carbon is often used to enhance electron conduction in 
anodes or cathodes of LIBs and NIBs, as well as to support other active materials in 
high-capacity nanocomposite anodes for LIBs and NIBs49-55.  
Except research and progress in lithium-ion batteries and sodium-ion batteries, 
the designing of potassiation-ion batteries has attracted a lot of interest, due to the 
potential excellent insertion/extraction characteristics of potassiation ion into the 
active materials72. Moreover, the potential of potassium anode and lithium anode are 
close to each other, approximately the same with merely a 0.12 V difference, which is 
the closest one to that of lithium anode. Therefore, potassium ion batteries possess no 
disadvantages compared with its lithium ion batteries. However, there is much less 
attention paid to this type of rechargeable batteries. Recently, the Prussian blue 
electrode was reported to be used as cathode in potassium ion batteries, using nickel 
hexacyanoferrate nanoparticles electrode as cathode and aqueous solution as 
electrolyte10-12. This open framework structure guarantees the cathode with long cycle 
life, high power, and good energy efficiency. Whereas, so far, there are no published 
literatures can be found on the anode sides for the potassium ion batteries. And the 
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application of the carbon-based anodes in KIBs remains largely unexplored, 
compared with their LIB and NIB counterparts. Therefore, it is essential to 
understanding the electrochemical reactions and associated structure-property 
relationships of carbon-based anodes during sodiation and potassiation, thereby 
paving the way for future development of the novel carbon-based or carbon-
supported nanocomposite anodes for NIBs and KIBs.  
In this work, the electrochemical behavior and microstructure evolution of 
carbon nanofibers (CNFs) during Na and K insertions are studied in real time by 
using a nanoscale battery setup inside a transmission electron microscope (TEM) and 
electrochemical tests. The CNFs are hollow and consist of a bilayer wall with an 
outer layer of disordered-carbon (d-C) enclosing an inner layer of crystalline-carbon 
(c-C). With such bilayer CNFs, the sodiation and potassiation responses of c-C and d-
C are directly compared at the same time. Longitudinal cracks are frequently 
observed near the c-C/d-C interface during sodiation and potassiation. Their chemo-
mechanical origin is revealed by a computational modeling study using Finite 
element simulations. In addition, an in situ TEM study of amorphous Si (a-Si) coated 
CNFs is also conducted to further evaluate the mechanical confinement effect on 
sodiation and potassiation. 
3.2 In situ TEM setup 
Figure 3.1 presents a schematic illustration of the solid cell that enables the 
electrochemical experiments of individual carbon Nanofibers in Na-ion batteries and 
K-ion batteries. The carbon nanofibers (CNFs) is a commercial product (PR-19) 





Figure 3.1 Schematic illustration of the solid cell that enables the electrochemical 
experiments of individual carbon Nanofibers. (a) Na-ion batteries. The working 
electrode is carbon nanofibers dispersed on a platinum (Pt) rod, and the counter 
electrode is bulk Na metal on a tungsten (W) rod. The solid electrolyte is naturally 
grown sodium oxide and hydroxide (Na2O and NaOH) on the sodium metal. (b) K-
ion batteries. The working electrode is carbon nanofibers dispersed on a platinum (Pt) 
rod, and the counter electrode is bulk K metal on a tungsten (W) rod. The solid 






of TEM consisted of a working electrode of  CNFs dispersed on a platinum (Pt) rod, a 
counter electrode of bulk Na metal on a tungsten (W) rod for Na-ion batteries and 
bulk K metal on a tungsten (W) rod for K-ion batteries, and a solid electrolyte of 
naturally grown sodium oxide and hydroxide (Na2O and NaOH) on the sodium metal 
for Na-ion batteries and naturally grown potassium oxide and hydroxide (K2O and 
KOH) on the sodium metal for K-ion batteries. In a typical experiment, fresh sodium 
or potassium metal was scratched off from a freshly cut surface of sodium or 
potassium bulk with the W rod inside the glove box filled with helium.  
The working electrode and counter electrode were mounted onto the 
Nanofactory TEM-scanning tunneling microscopy (STM) holder in the glove box, 
which was then transferred in a homemade sealed plastic bag filled with dry helium 
and loaded into the TEM column. The sodium metal or potassium metal were 
exposed to the air for about 2 s during the holder loading process, and as a result, a 
layer of sodium oxide and sodium hydroxide mixture or potassium oxide and 
potassium hydroxide mixture were grown on the sodium or potassium surface, which 
was served as the solid electrolyte for sodium ions transport and potassium ions 
transport. During the in situ TEM experiments, potentials of -0.5 to -2 V were applied 
to the CNFs with respect to Na/K metal to drive sodiation/potassiation (Na/K 
insertion) and +2 to +4 V for desodiation/depotassiation (Na/K extraction). 
 
3.3 Characterization of carbon Nanofibers 
Figure 3.2 shows the typical morphology of a pristine hollow CNF, which 
involves a bilayer structure, i.e., a d-C outer layer enclosing a c-C inner layer. The 
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bilayer CNF is a commercial product (PR-19) ordered from the Pyrograf Products, 
Inc. The diameter of CNFs is typically in the range of 120 - 300 nm and the length is 
about tens of micrometers. The bilayer structure is clearly seen from a zoom-in image 
in Figure 3.2b, i.e., the c-C inner layer with a dark contrast and the d-C outer layer 












Figure 3.2 Typical morphology and structure of a pristine hollow carbon nanofiber 
(CNF) with a bilayer wall. (a-b) The wall of CNF consists of a d-C/c-C bilayer. (c) 
Electron diffraction pattern (EDP) of the bilayer CNF. Two different kinds of spots 
are shown in the EDP for the {0002} plane of CNF. The two sets of sharp spots 
(indicated by green arrows) correspond to the diffraction of c-C, while the diffuse 
spots (indicated by yellow arrows) the diffraction of d-C. (d) High resolution TEM 
(HRTEM) image of the CNF, with the inset showing the local graphite lattice fringes 
in the d-C layer.  
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Figure 3.2d shows a high resolution TEM (HRTEM) image of the bilayer 
structure. In the d-C layer, the local domains of graphitic lattice fringes (inset in 
Figure 3.2d) are clearly visible, implying d-C is not completely disordered. Namely, 
d-C consists of an assembly of many few-layered graphene patches that are not 
perfectly aligned in the same orientation. Such a locally ordered structure in d-C is 
similar to that in hard carbon consisting of stacked graphite layers (termed as graphite 
nanocrystallites) with micro-voids in between45,47.  
The local crystalline order in d-C is also reflected in the electron diffraction 
pattern (EDP), as shown in Figure 3.2c. It is interesting to note that two different 
kinds of spots are shown in the EDP for {0002} planes. The two sets of sharp spots 
(indicated by green arrows in Figure 1c) arise from the diffraction of c-C, while the 
diffuse spots from d-C (indicated by the yellow arrow in Figure 3.2c). Note that the 
diffuse diffraction spots of d-C are different from the diffraction halo of the pure 
amorphous phase, which further confirms that the d-C layer is not fully disordered. 
The unique bilayer structure in CNFs allows us to directly compare the behaviors of 
c-C and d-C during Na or K insertion.  
 
3.4 Electrochemical tests result and discussion 
The CNF anode was prepared by mixing 85 wt% CNFs powder, 15 wt% 
polyvinylidene difluoride (PVDF) dissolved in N-methyl-2-pyrrolidone (NMP) to 
form slurry. Then, the electrode was made by spreading slurry onto a copper current 
collector and dried at room temperature overnight followed by heating at 100 oC in a 
vacuum oven overnight. The cells were assembled in an argon-filled glove box, with 
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CNFs as the working electrode, sodium metal or potassium metal as the 
counter/reference electrode, 1 M NaPF6 or 1 M KPF6 dissolved in a mixture of 
ethylene carbonate and dimethyl carbonate (EC/DMC, 1:1 by volume) as the 
electrolyte for Na-ion battery and K-ion battery, correspondingly, and Celgard®3501 
(Celgard, LLC Corp., USA) as the separator. The galvanostatic charge/discharge 
curve was tested at a voltage range of 0-1.2 V (vs Na+/Na or K+/K) at a constant 
current rate of 50 mA/g, using an Arbin battery test station (BT2000, Arbin 
Instruments, USA) under ambient temperature. 
3.4.1 Charge/discharge curve 
Galvanostatic discharge-charge cycling is performed to directly measure the 
capacity of the bilayer CNF electrode during sodiation and desodiation at a constant 
current rate of 50 mA/g in a coin cell (Figure 3.3).  
Since the capacity of c-C during Na insertion/extraction is extremely small47, 
and Na ions are mainly stored in d-C rather than c-C, as suggested by the in situ TEM 
electrochemical studies in the following parts, the specific capacity of CNFs anode is 
calculated based on the weight of d-C only. To estimate the weight ratio of d-C and c-
C accurately, we notice that the structure of bilayer CNFs are uniform along the axial 
direction. We have measured the diameters of inner tube, bilayer interface and outer 















where, rinner, rinterface and router  are the diameters of inner tube, bilayer interface and 
outer surface, respectively. The measured weight ratio of d-C:c-C are ranging in 2.87-
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Figure 3.3 Charge-discharge curves measured for bilayer CNF electrodes in the 
second, fifth and twentieth cycle in a coin cell for Na-ion battery. The electrodes are 
tested in the voltage range of 0-1.2 V (vs Na+/Na) at a current density of 50 mA/g, 
with the electrolyte of 1 M NaPF6 dissolved in the mixture of EC+DMC (1:1 by 
volume). The specific capacity is calculated based on the mass of d-C, which is about 
75% of the total mass of CNFs.  
For Na insertion into the carbon based anodes, there are mainly two insertion 
mechanisms involved: 1) Insertion of Na between the graphene layers corresponding 
to the slope-shaped voltage profile; 2) Insertion of Na into the micropores of carbon 
corresponds to a plateau at the lowest potentials11. Since the micropores in the bilayer 
CNFs is limited, thus the discharge-charge profile in Figure 3.3 exhibits only a 
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monotonous slope in the voltage range of 0 - 1.2 V, which likely corresponds to the 
insertion of Na ions between the graphene layers in d-C11. This consists with our 
TEM results as follows, where Na ions insert in between the graphene layers of 











Figure 3.4 Charge-discharge curves for bilayer CNF electrodes in the second, third 
and fifth cycle in a coin cell for K-ion battery. The electrodes are tested in the voltage 
range of 0-1.2 V (vs K+/K) at a current density of 50 mA/g, with the electrolyte of 1 
M KPF6 dissolved in the mixture of EC+DMC (1:1 by volume). The specific capacity 
is calculated based on the mass of d-C, which is about 75% of the total mass of CNFs. 
The bilayer CNF electrode exhibits similar monotonous slope-shaped 
discharge/charge curve in K-ion batteries in the voltage range of 0 - 1.2 V (vs K+/K), 
as shown in Figure 3.4. It has been well accepted that there are mainly two insertion 
mechanisms involved for Na insertion into the carbon based anodes: 1) Insertion of 
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Na between the graphene layers corresponding to the slope-shaped voltage profile; 2) 
Insertion of Na into the micropores of carbon corresponding to a plateau at the lowest 
potentials11. Thus, similar to NIBs, this monotonous slope is likely corresponding to 
the insertion of potassium ions between the graphene layers in d-C. This consists with 
our TEM results as follows, where K ions insert in between the graphene layers of 











Figure 3.5 Cycling stability and Coulombic efficiency measured for bilayer CNF 
electrodes in a coin cell for Na-ion battery. 
3.4.2 Cycling stability 
Figure 3.5 shows the capacity stability and Coulombic efficiency of CNFs 
anode during Na insertion and extraction. The initial discharge and charge capacities 
are 728 and 263 mAh/g, respectively, giving a Coulombic efficiency of 36%. The 
large irreversible capacity in the first cycle is likely due to the electrolyte 
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decomposition to form the solid electrolyte interphase (SEI) at the electrode surface, 
as well as irreversible insertion of Na into graphitic layers. The capacity decay occurs 
primarily in the first few cycles, which is possibly attributed to the SEI stabilization, 
volume adjustment during Na ions insertion/extraction and partially irreversible Na 
ions insertion11,41. After initial adjustment cycles, a reversible capacity of 245 mAh/g 
is stably maintained with a Coulombic efficiency approaching 98%, which is in good 
agreement with other reported results on sodiated disordered carbon41,73. Since the 
inactive c-C can function as a build-in current collector, this bilayer CNFs shows 
excellent cycling stability, with 99% capacity retention after 280 cycles, indicating 
great potential of d-C in the application for NIBs.   
Figure 3.6 shows the capacity stability and Coulombic efficiency of CNFs 
anode during K insertion and extraction. The initial discharge and charge capacities 
are 705 and 300 mAh/g, respectively, giving a Coulombic efficiency of 43%. The 
large irreversible capacity in the first cycle is due to SEI formation, as well as 
irreversible insertion of K into graphitic layers. The capacity decays very fast in the 
first few cycles, which is possibly attributed to the large K ions, SEI stabilization, 
volume adjustment during K ions insertion/extraction and partially irreversible K ions 
insertion11,41. Although the cycling stability of CNFs electrode for K-ion battery at the 
same current rate is not as good as Na-ion battery, due to the kinetics problems of 
larger K ions, the electrochemical test suggest that d-C is capable to storage more K-
ions, as confirmed by the following TEM results. And highly-disordered carbon 
might be a way for a better cycling stability for KIBs, since highly-disordered carbon 
possesses more defects than lower-disordered carbon, which can provide more sites 
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for potassium insertion. The potassiation of the bilayer CNFs indicates that d-C is a 












Figure 3.6 Cycling stability and Coulombic efficiency measured for bilayer CNF 
electrodes in a coin cell for K-ion battery. 
 
3.5 In situ TEM tests result and discussion 
The in situ experiments of electrochemically-driven sodiation and potassiation 
of CNFs are conducted by using an all-solid nanobattery setup inside a TEM. The 
working electrode is carbon nanofibers dispersed on a platinum (Pt) rod, the counter 
electrode is bulk Na metal on a tungsten (W) rod for Na-ion batteries and bulk K 
metal on a tungsten (W) rod for K-ion batteries, the solid electrolyte is naturally 
grown sodium oxide and hydroxide (Na2O and NaOH) on the sodium metal for Na-
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ion batteries and naturally grown potassium oxide and hydroxide (K2O and KOH) on 
the sodium metal for K-ion batteries. The details of the nanobattery setup and 
operation can be found in Figure 3.1.  
To confirm the negligible effects of electron beam on electrochemical 
reactions, both beam-on and beam-blank experiments (as indicated in figure captions) 
are performed, showing qualitatively similar behaviors.  
3.5.1 Geometry and structure change during sodiation 
Figure 3.7 presents the microstructures of a hollow bilayer CNF before and 
after the beam-blank sodiation. For the pristine hollow CNF, its inner diameter is 
about 130 nm and wall thickness is about 63 nm (Figure 3.7c). After full sodiation, 
the inner diameter decreases to 116 nm and the outer diameter increases to 263 nm. 
As a result, the total wall thickness increases to 73.5 nm, owing to sodiation-induced 
volume expansion. In addition, sodiation causes an increase of the thickness of the c-
C layer from 25.5 nm to 29 nm, which corresponds to an average radial and volume 
strain of 13.7% and 6%, respectively. Similarly, the thickness of the d-C layer 
increases from 37.5 nm to 44.5 nm, which corresponds to an average radial and 
volume strain of 18.7% and 18.7%, respectively.  
Hence, the sodiated d-C exhibits about three times volume expansion of c-C, 
thus suggesting a much higher storage capacity of Na ions in d-C than c-C. 
Incidentally, a thin layer of Na2O (about 2~3 nm thick) is observed to quickly form 
on the CNF surface (Figure 3.7d) while the bulk sodiation is still ongoing, thus 

















Figure 3.7 Geometry and structure changes of a bilayer CNF during sodiation under a 
beam-blank condition. (a, c) Pristine CNF. (b, d) Sodiated CNF.  
Figure 3.8 presents the line scan profiles across the CNF after sodiation, and 
the green arrows indicate the peak positions of Na and C intensity profiles. Na and C 
exhibit different spatial distributions, i.e., the Na intensity reaches a peak in the 
middle of the CNF wall and decreases gradually away from the peak, while the C 
intensity continually increases from the outer to the inner tube wall. Such difference 
indicates that the c-C and d-C have different capacities of storing Na ions, as further 
confirmed by EDPs (Figure 3.9).  
 














Figure 3.8 The line scan profiles of C and Na across the CNF after sodiation. The 
green arrows point to the peak positions of Na and C intensity profiles.  
The EDP of the pristine CNF shows a typical diffraction pattern of the bilayer 
CNF with an average {0002} plane spacing of 3.38 Å (Figure 3.9a), which is slightly 
larger than the theoretical spacing of {0002} plane of 3.35 Å. Such a difference is 
presumably induced by the partially disordered structure of d-C. After full sodiation, 
the diffraction pattern of {0002} planes splits into two sets with different lattice 
spacings (Figure 3.9b). For c-C, the average spacing of {0002} planes increases to 
3.67 Å. This corresponds to an expansion of 8.6% between neighboring graphitic 
layers, which is slightly larger than that of lithiation (~ 7%)75 and can be correlated to 
the larger size of Na ions10. In contrast, the average spacing of {0002} planes of d-C 
increases up to about 4.16 Å. This corresponds to an expansion of ~ 23% along [0002] 
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Figure 3.9 Electron diffraction patterns (EDPs) of the CNF (a) before and (b) after 
sodiation. The average spacing of {0002} planes is about 3.38 Å in the pristine CNF. 
Two sets of patterns form after sodiation; the average spacing of {0002} planes in c-
C and d-C increases to 3.67 Å and 4.16 Å, respectively.   
The larger the increase of the d-spacing along c axis, the more Na ions the 
carbon system likely stored. However, the quantitative capacity of sodiation in d-C 
cannot be determined directly by our in situ TEM experiment, due to the difficulty of 
measuring the extremely small electric current. In addition, much less changes are 
observed in the lattice spacing of }0110{
−
 planes (Figure 3.9), which indicates that Na 
ions are most likely inserted in between rather than within the graphitic layers. The 
EDP after sodiation is consistent with the line scan profiles in Figure 3.8, suggesting 
that more Na ions can be stored in d-C. Compared to c-C, the larger capacity of Na 
ions storage in d-C might originate from more defects existing in d-C, while the 
















Figure 3.10 Microstructure evolution of a bilayer CNF during potassiation. The 
experiment was conducted under beam-blank. (a-b) Morphologies of pristine and 
potassiated CNFs. A crack forms after full potassiation, as indicated by the red arrow 
in (b). (c-d) EDPs of the CNF before and after potassiation. For the pristine CNF, the 
average spacing of {0002} planes is about 3.39 Å. The EDP splits into two sets of 
patterns with different lattice spacings after potassiation. The average spacing of 
{0002} planes for c-C increases to 3.69 Å after full potassiation, while the one for d-
C increases to ~ 4.18 Å.   
Figure 3.10 presents the microstructure change of a hollow bilayer CNF 
before and after the beam-blank potassiation, which shows similar responses as CNF 
in sodiation. The average spacing of {0002} planes of c-C increases from 3.39 Å to ~ 
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3.69 Å after potassiation, corresponding to an expansion of ~ 8.8% along c axis. 
While the average spacing of {0002} planes of d-C increases to ~ 4.18 Å after 
potassiation, corresponding to an expansion of ~ 24% along c axis, implying almost 
three times volume expansion of d-C than c-C after potassiation. Moreover, much less 
changes are observed in the lattice spacing of }0110{
−
 planes (Figure 3.10), indicating 
that K ions are most likely inserted in between rather than within the graphitic layers.  
Therefore, both sodiation and potassiation of the bilayer CNF indicate that d-
C has a better capability of storing Na or K ions than c-C, which is desired for the 
anode of NIBs and KIBs.  
3.5.2 Sodiation/potassiation induced cracks 
Mechanical degradation in electrodes is usually an important cause of the 
irreversible capacity loss in rechargeable batteries76. Our in situ TEM study reveals 
the mechanical degradation through formation of interface cracks in bilayer CNFs 
during sodiation and potassiation.  
Figure 3.11 shows an in situ TEM result of the sodiation-induced cracks in a 
bilayer CNF. The sample is tested under beam-on with a very weak electron beam. 
Upon sodiation, a crack nucleates from the contact point between the CNF and 
Na2O/Na electrolyte, as indicated by red arrows in Figure 3.11b. As sodiation 
proceeds, the crack propagates from one end to the other end of the CNF along its 
axial direction (Figure 3.11c-d). Interestingly, crack initially nucleates on the upper 
wall of the CNF and then extends to its lower wall, which is likely caused by screw 

















Figure 3.11 Sodiation-induced crack nucleation and propagation in a hollow bilayer 
CNF under a beam-on condition with very weak electron-beam exposure. (a) Pristine 
CNF. (b-g) The dynamic process of the sodiation-induced crack nucleation and 























Figure 3.12 Sodiation-induced cracks in a bilayer CNF under beam-on with very 
weak electron-beam exposure. (a) Pristine CNF. (b) Sodiated CNF with cracks 
formed. (c-d) Zoom-in images showing the cracks. (e-f) EDPs of the CNF before and 










Figure 3.13 Additional examples of crack formation in bilayer CNFs after sodiation. 
The experiments were conducted under beam-blank. The red arrows point to the 
cracks.  
Such kind of sodiation-induced cracking is frequently observed (5 out of 6 
samples) with either beam-on with very weak electron-beam exposure (Figure 3.11 
and 3.12) or beam-blank (Figure 3.13) condition, thus suggesting the insensitivity of 













Similar to Figure 3.11f-g, a large increase in the spacing of {0002} planes is 
observed after sodiation (Figure 3.14a-b), from 3.39 Å to 4.19 Å  from d-C and 3.68 
Å  for c-C. Figures 3.15a-b show the zoom-in images of longitudinal cracks, which 
are located at different places, but all close to the interface between the c-C and d-C 
layers. Figure 3.10 shows an in situ TEM result of potassiation of a bilayer CNF, 












Figure 3.15 Zoom-in images showing the cracks close to the c-C/d-C interface of 
CNF after sodiation under beam on condition.  
In contrast, no cracking is observed during the sodiation of monolithic d-C 
CNFs, being either solid or hollow, as shown in Figure 3.16. Such different cracking 
behavior suggest that the unique bilayer structure, along with the hollow geometry, 





Such interface cracking might be responsible for capacity fading in the initial 











Figure 3.16 Microstructure evolution of monolithic d-C CNFs with solid (a) or 
hollow (b) structures. No cracking is observed during the sodiation of these 
monolithic d-C CNFs. EDP confirms that the CNFs are sodiated.  
3.5.3 Chemo-mechanical modeling of sodiation-induced stress and crack 
To understand the observed interface cracking in CNFs, it is essential to 
elucidate the mechanism of stress generation during sodiation (and potassiation). 
Specifically, one needs to explain the origin of a large radial tensile stress driving the 
interface crack formation in hollow bilayer CNFs, as schematically shown in Figure 
3.17.  
To this end, we develop a continuum chemo-mechanical model to simulate the 
concurrent processes of Na diffusion and mechanical deformation. In the model, the 
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ijij εεε += , 
where cijε   is the chemical strain induced by Na insertion under a stress-free condition 
and mijε  is the elastic strain due to chemically-induced mechanical deformation. The 
components of chemical strain cijε  depend on the underlying atomic processes of Na 
insertion in c-C and d-C. And a physical assignment of the appropriate values for cijε  







Figure 3.17 Schematic of crack formation at the c-C/d-C interface, which is caused 
by a large radial tensile stress rσ  at the interface. 
We note that c-C consists of parallel graphene layers, and interlayer expansion 
is the primary deformation mode upon Na insertion. Hence, we assume the chemical 
strain cijε  is highly anisotropic with only one non-zero component perpendicular to 
graphene layers, i.e., in the radial direction of a CNF. In contrast, d-C consists of 
patches of few-layered graphene that are approximately aligned in the radial direction 
of a CNF. As a result, Na insertion in d-C would occur within the graphene layers, as 
well as in the open space among few-layered graphene patches77. Hence the chemical 
strain cijε  in d-C is likely less anisotropic than that in c-C. In addition, as the 
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Figure 3.18 Normalized radial stress ( Erσ ) versus radial distance r, being zero at 
the inner wall of the bilayer tube. The blue line corresponds to 
029.0  ,12.0 ,,, === −−− Cdcz
CdcCdc
r εεε θ , while the green line corresponds to 
034.0  ,11.0 ,,, === −−− Cdcz
CdcCdc
r εεε θ . 
Finite element simulations based on the above chemo-mechanical model 
predict a radial tensile stress near the c-C/d-C interface which could be responsible 
for the interface cracking in sodiated bilayer CNFs (Figure 3.17). Based on the 
experimental data of volumetric chemical strains (being 6.0% and 18.7% in c-C and 
d-C layers, respectively) and considering the anisotropic nature of chemical strains as 
discussed above, we take 0  ,06.0 ,,, === −−− Cccz
CccCcc
r εεε θ for c-C, and 
 57
 
029.0  ,12.0 ,,, === −−− Cdcz
CdcCdc
r εεε θ  for d-C.  
The blue line in Figure 3.18 shows the corresponding distribution of the radial 
stress rσ , normalized by Young’s modulus E . rσ  is tensile and it reaches the 
maximum at the c-C/d-C interface, therefore providing a driving force of interface 
cracking. It should be noted that previous studies have emphasized the critical role of 
the chemical-strain anisotropy in stress generation78-80. In the present hollow bilayer 
CNFs, reducing the degree of anisotropy of the chemical strain in d-C is key to 
producing a large tensile radial stress near the c-C/d-C interface.  
In Figure 3.18, the green line shows the rσ  distribution for a different 
combination of chemical strains in the d-C layer 
( 034.0  ,11.0 ,,, === −−− Cdcz
CdcCdc
r εεε θ ), while keeping the volumetric chemical strain 
constant. As the chemical strain becomes more isotropic, the interface tensile stress 
increases so as to facilitate the crack formation. At the moment of this study, the 
components of chemical strains cannot be directly measured, since the in situ TEM 
setup is incapable of measuring the mechanical properties of nano-sized electrodes.   
3.5.4 Structure change of amorphous silicon-coated CNF during sodiation 
To further understand the coupling between mechanical and electrochemical 
responses in CNFs, the sodiation behavior of an a-Si coated CNF (a-Si/CNF) is also 
investigated, see Figure 3.19 and Figure 3.20. The a-Si layer is coated on the outer 
surface of the CNF with a thickness of ~ 19 nm (Figure 3.19a,d). Due to geometrical 
confinement of the stiff a-Si coating, the sodiated bilayer tends to expand inward to 




Figure 3.19 (a, d) A pristine CNF with a-Si coating (~19 nm in thickness). The 
diameter of the inner wall is about 80 nm. (b) Upon sodiation, the diameter of the 
inner wall decrease to ~ 62 nm at the moment of crack formation. (c, e) The crack 
finally forms along the longitudinal direction of the a-Si/CNF system. The thickness 
of the a-Si coating does not change after sodiation, indicating no reaction occurs. (f-g) 
EDPs of the pristine and sodiated a-Si/CNF. The sodiated CNF exhibits a typical split 
EDP, while no change is observed in the diffraction rings of a-Si before and after 




Figure 3.20 Microstructure evolution of an amorphous silicon-coated CNF (a-
Si/CNF) before and after sodiation. (a-d) Sequential images showing the crack 
nucleation and growth upon sodiation, accompanied with the decrease of the inner 
tube diameter. (e-f) Zoom-in images showing the cracks the interface between c-C 
and d-C. The thickness of the surface a-Si layer does not change after sodiation, 
indicating no reaction occurring.  
Upon sodiation, the diameter of the inner wall gradually reduces due to the 
geometric confinement of the stiff a-Si coating, and it decrease to ~ 62 nm at the 
moment of crack formation. Similar to the case without coating, sodiation also leads 
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to crack formation along the longitudinal direction of the a-Si/CNF (Figure 3.19c), 
and cracking occurs near the c-C/d-C interface (Figure 3.20). 
Note that the thickness of the a-Si coating remains unchanged during 
sodiation, indicating negligible Na insertion in a-Si. This is further confirmed by 
EDPs of the a-Si/CNF before and after sodiation (Figure 3.19f-g). The sodiated CNF 
shows a typical split EDP, while no change is observed in the diffraction rings of a-Si 
before and after sodiation. These in situ TEM results suggest that nanoscale a-Si may 
not be a viable anode material for NIBs. A previous theoretical study indicates that Si 
may serve as an anode material for NIBs8, despite the lack of direct experimental 
support to date15. Our in situ TEM study indicates that a-Si is electrochemically 
unfavorable for NIBs. Moreover, the surface coating of d-C or amorphous C has been 
widely used to enhance the electronic conductivity or serve as a supporting material 
for nanocomposite electrodes of NIBs50-52. The present sodiation study of a-Si/CNF 
also suggests that even when d-C is covered with an inactive surface layer, it can still 
be effectively sodiated or potassiated, likely due to the fast diffusion of Na and K ions 
at the interface.  
3.6 Summary 
 In summary, carbonaceous materials have great potential for applications as 
anodes of alkali-metal ion batteries, such as Na-ion batteries and K-ion batteries (NIB 
and KIBs). We conduct an in situ study of the electrochemically-driven sodiation and 
potassiation of individual carbon nanofibers (CNFs) by transmission electron 
microscopy (TEM). The CNFs are hollow and consist of a bilayer wall with an outer 
layer of disordered-carbon (d-C) enclosing an inner layer of crystalline-carbon (c-C). 
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The d-C exhibits about three times volume expansion of the c-C after full sodiation or 
potassiation, thus suggesting a much higher storage capacity of Na or K ions in d-C 
than c-C. For the bilayer CNF-based electrode, a steady capacity of 245 mAh/g is 
measured with a Coulombic efficiency approaching 98% after a few initial cycles. 
Our in situ TEM experiments also reveal the mechanical degradation of CNFs 
through formation of longitudinal cracks near the c-C/d-C interface during sodiation 
and potassiation. Such cracking behavior is attributed to the generation of a large 
radial tensile stress near the c-C/d-C interface, which arises due to the different 
sodiation/potassiation strains in c-C and d-C. Our results provide mechanistic insights 
into the electrochemical reaction, microstructure evolution and mechanical 
degradation of carbon-based anodes during sodiation and potassiation, shedding light 


















Carbon materials are often used to enhance the electronic conductivity in 
anodes or cathodes of Li-ion batteries (LIBs), as well as to support other active 
materials in high-capacity nanocomposite electrodes. In the first work, a novel 
tellurium/porous carbon (Te/C) composite is synthesized at a high temperature of 600 
oC under vacuum.  The designed Te/C composite is employed, for the first time, as 
cathode material in lithium-ion batteries, which exhibits excellent electrochemical 
performance in commercialized carbonate-based electrolyte. Owing to the physical 
confinement and chemical stabilization of tellurium in the supporting carbon matrix, 
the Te/C electrode can deliver a reversible volumetric capacity of 1400 mAh/cm3 
(224 mAh/g) and a high Coulombic efficiency near 99% over up to 1000 cycles 
without any further capacity decay. The high volumetric capacity, long cycle life, 
excellent Coulombic efficiency and good rate capability of Te/C composite 
demonstrates that Li-Te batteries are promising candidates for applications in large-
scale and high-energy storage. 
In the second work, we conduct an in situ study of the electrochemically-
driven sodiation and potassiation of individual carbon nanofibers (CNFs) by 
transmission electron microscopy (TEM). The CNFs are hollow and consist of a 
bilayer wall with an outer layer of disordered-carbon (d-C) enclosing an inner layer of 
crystalline-carbon (c-C). The d-C exhibits about three times volume expansion of the 
c-C after full sodiation/potassiation, thus suggesting a much higher storage capacity 
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of Na/K ions in d-C than c-C. For the bilayer CNF-based electrode, a steady capacity 
of 245 mAh/g is measured with a Coulombic efficiency approaching 98% after a few 
initial cycles. Our in situ TEM experiments also reveal the mechanical degradation of 
CNFs through formation of longitudinal cracks near the c-C/d-C interface during 
sodiation/potassiation. Such cracking behavior is attributed to the generation of a 
large radial tensile stress near the c-C/d-C interface, which arises due to the different 
strains in c-C and d-C. Our results provide mechanistic insights into the 
electrochemical reaction, microstructure evolution and mechanical degradation of 
carbon-based anodes during sodiation and potassiation, shedding light onto the 
development of carbon-based electrodes for NIBs and KIBs. 
 
4.2 Future work 
Although the lithium-tellurium batteries based on Te/porous carbon cathode 
has obtained excellent cycling stability, ratability and Coulombic efficiency, it is still 
far away from commercialization due to capacity decay in the first few cycles. The 
most simple and practical part of future work can be targeted onto improving the 
capacity of Te/porous carbon composite using high surface area porous carbon or 
forming chemical bonding between Te and carbon to further stabilize the Te except 
the physical confinement.  
In addition, although the in situ technology enables us to investigate the 
morphology and structure change of CNFs during sodiation/potassiation, the solid 
cell inside of TEM is different from liquid cell using organic electrolyte. Thus more 
advanced nano-batteries inside TEM need to be created to allow the application of 
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liquid electrolyte in TEM. Moreover, despite the excellent cycle life of CNFs anode 
in NIBs, the cycling stability of CNFs electrode for K-ion battery is still not good, 
probably due to the kinetics problems of larger K ions, thus other CNFs, like highly-
disordered carbon, might be a way for a better cycling stability for KIBs, since 
highly-disordered carbon possesses more defects than lower-disordered carbon, 
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